Abstract: Inflammation within the central nervous system often accompanies ischemia, trauma, infection, and other neuronal injuries. The immune system is now recognized to play a major role in neuronal cell death due to microglial activation, leukocyte recruitment, and cytokine secretion. The participation of heat shock proteins (Hsps) in the immune response following in brain injury can be seen as an attempt to correct the inflammatory condition. The Hsps comprise various families on the basis of molecular size. One of the most studied is Hsp70. Hsp70 is thought to act as a molecular chaperone that is present in almost intracellular compartments, and function by refolding misfolded or aggregated proteins. Hsps have recently been studied in inflammatory conditions. Hsp70 can both induce and arrest inflammatory reactions and lead to improved neurological outcome in experimental brain injury and ischemia. In this review, we will focus on underlying inflammatory mechanisms and Hsp70 in acute neurological injury.
in the sense that they assist in protein folding and the correct attainment of functional three-dimensional configuration, while preventing incorrect folding and protein aggregation [4] [5] [6] . They are classified according to their molecular mass, and include Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, and the small Hsp families [7] . The best-studied class is Hsp70, the 70-kDa class which includes an inducible form also known as Hsp72, Hsp70i, or simply Hsp70.
Under homeostatic conditions, Hsps are located intracellularly and are bound to heat shock factors (HSFs) [3] . HSF1 is maintained in an inactive complex with Hsp90, Hsp40, and Hsp70 [8] . Following an appropriate stress such as heat stress, accumulation of unfolded proteins leads to the dissociation of Hsps from HSF, leaving Hsps free to bind target proteins. In the stressed cell, dissociated HSF is transported to the nucleus where it is phosphorylated, possibly by protein kinase C, to form activated trimers. These trimers bind to highly conserved regulatory sequences on the heat shock gene known as heat shock elements (HSEs) [9] . Once bound to HSEs, HSFs bind to the promoter site of Hsp genes, with
The Heat Shock Proteins
Heat shock proteins (Hsps) are a family of proteins involved in many chaperone functions. Their expression can be constitutive or inducible depending on the family member. Constitutively expressed members are present in all cell com partments, and appear to assist in proper folding and assembly of polypeptide of newly synthesized proteins [1, 2] . Inducible forms were originally described following heat stress [3] ; however, a variety of cellular stresses will lead to their induction as part of an orchestrated stress response. subsequent generation and expression of more Hsps [10] . Newly generated Hsps can then bind denatured proteins and act as a molecular chaperone by contributing to repair, refolding and trafficking of damaged proteins within the cell. Hsp90 can also influence Hsp70, since Hsp90 is bound to HSF-1. When Hsp90 dissociates from HSF-1, HSF-1 leads to Hsp70 induction.
In studies of cerebral ischemia, neurodegenerative diseases, epilepsy, and trauma, Hsp70 has been shown to be neuroprotective [8] . Through its chaperone properties, it has been shown to reduce protein aggregates [11] and intracellular inclusions [12] . Overexpression of Hsp70 in neuronal cell cultures and mouse models of neurodegenerative diseases leads to protection against a variety of acute insults such as cerebral ischemia, trauma, and hemorrhage by reducing the number and size of inclusions and the accumulation of disease-causing proteins [13, 14] . A recent paper showed that Hsp70-overexpressing transgenic mice are able to degrade proteins that accumulate in Alzheimer's disease models and leads to neurological improvement [15] .
In addition to their function in protein processing, Hsps appear to play a role in cytoprotection, by affecting several cell death and immune response pathways [3, 16] . For example, overexpression of Hsp70 has been shown to reduce apoptosis [11] . Although the exact mechanism remains unclear, studies have shown that Hsp70 overexpression increases expression of the anti-apoptotic protein Bcl-2 [3] , but also affects caspase processing [16] .
The Inflammatory Response in Brain Injury
The inflammatory response within the central nervous system (CNS) is a well known feature of a variety of acute neurological injuries including stroke, trauma, and other forms of cerebral hypoxic-ischemic insults [17] . Danger signals released in the setting of cell damage leads to a complex series of biochemical and molecular events, and have been increasingly recognized as a key contributor to cell death [18] . It is characterized by the activation of microglia and infiltration of leukocytes following brain injury [19] . Further, there is evidence that brain cells not normally viewed as immunologic, including astrocytes and even neurons, can elaborate immune molecules. This inflammatory response, particularly in the acute stage, is now recognized to contribute to brain injury and thus represents a major opportunity for investigation and to explore potential treatments.
Within a few hours after the injury onset, release of factors from damaged cells or cellular debris triggers this inflammatory response. Because of the apoplectic nature of acute brain insults, the ensuing immune response is most likely innate, rather than adaptive. The innate immune response is a triggered by a variety of signals that, unlike the adaptive immune response, do not require antigen recognition. While the list of potential activating signals grows, some recognized factors have been called danger associated molecular patterns (DAMPs) [20] .
Glial cells (microglia and astrocytes) are necessary to support the central nervous system. Microglias constitute 5-20% of the total glial population and act as key modulators in this innate response [21] . They are quite sensitive to changes in the environment, and display a ramified appearance while in the resting state, but when activated, undergo a series of changes culminating in an amoeboid morphology. Microglial activation is a complex series of events, and the morphological and gene expression changes associated with microglial activation vary depending on the type, severity, and duration of the stimulus [22] . Microglial activation is the initial step in the CNS inflammatory response; depending on the stimulus, this step may be followed by infiltration of circulating monocytes, neutrophils, and lymphocytes [23] . Astrocytes will proliferate and differentiate after brain injury which can be potentially destructive. They, like microglia, lead to the production of inflammatory, where the release of cytotoxic molecules may lead to neuronal cell death [9] .
The precise initiating stimulus of this acute response remains obscure, although several studies have shown that ischemia does lead to Toll-like receptor (TLR) activation, a major activating mechanism of innate immunity [24] . The actual trigger is not fully known, but reports have speculated that the injured brain releases DAMPs and other substance that trigger this response. There are reports indicating factors implicating the high mobility group box-1 (HMGB-1) [25, 26] , which are related to cytokines. HMGB-1 is released by neurons and cells of the immune system in the setting of cell death. DAMPs include hyaluronan, surfactant protein, uric acid, and Hsps. These substances can then bind to and stimulate microglia and other immune cells leading to the upregulation of many immune mediators by activating several pro-inflammatory transcription factors, including nuclear factor kappa B (NF-kB) [27] , hypoxia inducible factor 1, interferon regulator factor 1, and signal transducer and activator of transcription factor (STAT) 3 [28] .
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How immune responses are regulated are complex, but the NF-kB deserves some mention as a major and prototypic pro-inflammatory transcription factor widely expressed in the CNS [29] . Normally present in the cytosol, NF-kB is a heterodimeric protein of a p65 and p50 subunit. This dimer is bound to its endogenous inhibitor IkB, which inactivates. Upon activation by a variety of stimuli, including cytokines, oxidants and other immune factors, IkB is phosphorylated by its kinase (IKK) that catalyzes the phosphorylation of two serines in NF-kB. Once phosphorylated, IkB is degraded and liberates NF-kB to translocate into the nucleus where it binds the promoter regions of many of the same inflammatory genes which lead to its activation. It also upregulates IkB, thus leading to its eventual down regulation [30] .
It is well known that one of the main effects of the inflammatory response include cytokines. These are a group of pleiotropic polypeptides (8-26 kDa) that are produced in response to appropriate antigens and regulated the innate and adaptive immune systems. Cytokines are quickly and extensively upregulated in the brain in a variety of disease states [17, 24] . In the brain, cytokines cannot unequivocally be divided into pro-or anti-inflammatory cytokines and are expressed not only in the cells of the immune system, but are also produced by resident brain cells, including neurons and glia [31] . Tumor necrosis factor-α (TNF-α), the interleukins (IL) especially IL-1, IL-4, IL-6, IL-10, and IL-18 and transforming growth factor (TGF)-β are most studied cytokines related to inflammation after acute brain injury. While pro-inflammatory cytokines such as IL-1β and TNF-α, appear to exacerbate brain injury, TGF-β, IL-4, and IL-10 inhibit the expression of pro-inflammatory cytokines and contribute trophic or anti-inflammatory properties [32, 33] . In addition to cytokines, other immune molecules are activated, including adhesion molecules present on the neutrophils and the endothelial cell surface. Adhesion molecules comprise three groups of molecules in various brain injuries: first selectins (P-, E-, and L-isoforms), integrins (LFA-1 and Mac-1) bind to leukocytes, intercellular adhesion molecule-1 and vascular adhesion molecule-1, all of which contribute to inflammatory response by adhesion of leukocytes to activated endothelium, allowing their entry into the CNS [28] .
Matrix metalloproteinases (MMPs) represent a family of at least 28 zinc-dependent endopeptidases that break down the extracellular matrix, and can lead to disruption of the blood brain barrier (BBB) leading to further infiltration of circulating immune cells, serum proteins and hemorrhage [34] . After brain injury, they play a central role of immune proteins involved in the inflammatory response. MMPs are proteases which Inactivated MMPs are normally found in the cytosol, but in pathologic states, they can transported extracellularly where they are cleaved to an active form and degrade substrates of the extracellular matrix [17] . MMP-2, -3, and -9 have been described in cerebral ischemia. MMP-9 is first expressed in traditional immune cells after brain injury. Indeed, neutrophils contain and release of MMP-9 [35] and studies of bone marrow chimeras indicates that MMP-9 derived from circulating leukocytes contributes significantly to stroke pathology [36] .
Oxidative and nitrosative stresses are an important underlying factor in inflammation response. Reactive oxygen species (ROS) are produced after injured brain cells by various pathway during the reperfusion phase, presumably because their mitochondria are no longer able to neutralize these reactive species [37] . ROS are also generated by in flam matory cells, presumably as a means of host defense against invading pathogens. The increase in ROS can then trigger more immune responses by activating inflammatory transcription factors. Activation of endogenous immune molecules can damage adjacent viable tissue that surround the area of injury [38] . Thus, ROS can participate in a rather vicious cycle of immune response activation and direct cytotoxicity. Similarly, nitrosative stresses include the increase in nitric oxide (NO) via 3 types of nitric oxide synthase (NOS) isoforms: neuronal, endothelial, and inducible (nNOS, eNOS, and iNOS), particularly the iNOS that is expressed after exposure of cells to cytokines and lipopolysaccharide (LPS) [39] . Further, the ROS superoxide and NO can combine to form peroxynitrite, which is a particularly reactive species that is genotoxic as well.
The Immune Modulatory Mechanisms of Hsp in Brain Injury
In addition to their better known chaperone properties and anti-apoptotic mechanisms, Hsps are also known to have significant modulating roles in both acting as proinflammatory cytokines and mediating regulatory immune responses [40] . Extracellular Hsps are also capable of immunomodulatory functions that trigger immunological responses [41] . While their intracellular chaperone activities appear to prevent apoptosis and stabilize cytoskeletal structures, extracellular Hsps appear to have intercellular [42] . Hsp70, perhaps the most studied of the Hsps with respect to its role in inflammation, appears to play dual roles depending on the nature of the stimulus and the ensuing immune response.
In the extracellular environment, Hsps have been well studied in terms of their role in both innate and adaptive immunity where they appear to assist in and potentiate innate and adaptive immune responses. In innate immune responses, Hsp70 can interact with macrophages, microglia, and dendritic cells through TLRs and lead to the activation of the NF-kB transcription factor, which induces pro-inflammatory cytokines production (IL-1β, IL-6, IL-12, and TNF-α) and iNOS [40, 41] . Hsp60, Hsp70, and Hsp90 are all thought to interact with TLR 2 and TLR4 [43, 44] ; however, some of this work has been questioned, because some preparations of recombinant Hsps may contain low levels of endotoxin, which is the classic ligand for TLR4 [45] . Extracellular Hsp70 complexed with peptides elicit CD8+ or CD4+ T-cell responses after exogenous administration. Immunization of mice with these same complexes can elicit CD4 responses, indicating that Hsps can act as adjuvant. These Hsp70-peptide complexes can also interact with the macrophage/dendritic cell CD 40, CD91, or LOX-1 receptor and aid in antigen presentation. Extracellular Hsps are also known to participate in the adaptive immune responses (Fig. 1) .
As an anti-inflammatory molecule, Hsp70 decreases the release of pro-inflammatory factors such as NF-kB, MMPs, and ROS. Intracellular overexpression of Hsp70 or its intracellular induction by heat stress has been shown to reduce inflammatory cell production of NO and iNOS expression while decreasing NF-kB activation in astrocytes [46] . Heat shock has also been correlated to decreased secretion of TNF-α and reduced generation of ROS. Hsp70 can also prevent responses to inflammatory cytokines such Fig. 1 . The mechanism of heat shock protein (Hsp70) modulation adaptive and innate immune signaling pathways following brain injury. There are multiple sites where Hsp70 has been shown to play roles in modulating the inflammatory response. Many extracellular functions appear to potentiate immune responses, whereas intracellular mechanisms appear to be anti-inflammatory. Extracellular Hsp70 complexed with peptides interacts with the CD91 receptor to enhance antigen presentation, while peptidefree Hsp70 acts has been shown to be a ligand for Toll-like receptors (TLR) 2 and 4 to increase immune responses. Interestingly, Hsp70 can also interrupt pro-matrix metalloproteinases (MMPs) cleavage to an active form and lead to reduction in extracellular matrix disruption, which in turn may reduce immune signaling. In a typical immune cell, cytosolic Hsp70 tends to inhibit immune responses. It is tethered in the cytosol by heat shock factor (HSF), but stress and inflammatory signals lead to promote dissociation of Hsp90 from the HSF and phosphorylation (pHSF) allowing pHSF to enter the nucleus, resulting in increased production of Hsp70. Cytosolic Hsp70, presumably through its chaperone activities, has been shown to interact with and inhibit various components of the pro-inflammatory transcription factor nuclear factor kappa B (NF-kB). IKK, IkB, and NF-kB subunits have all been documented to interact with Hsp70. iNOS, inducible nitric oxide synthase.
www.acbjournal.org as TNF-α and IL-1 [47] , while overexpression of Hsp70 in macrophages blocked LPS-induced increases in TNF, IL-1, IL-10, and IL-12 [48] . Overexpression of Hsp70 was associated with down-regulation of expression of several representative NF-kB dependent pro-inflammatory genes (TNF-α and IL-1β) in experimental stroke [30] . In a model of intracerebral hemorrhage, upregulation of Hsp70 decreased TNF-α expression and attenuated BBB disruption, edema formation, and neurological dysfunction [13] .
Heat shock induction of Hsp70 reduces NADPH oxidase activity in neutrophils and increases superoxide dismutase, which scavenges superoxide, in phagocytes [49, 50] . Hsp70 may also affect other proteins and genes known to be involved in inflammatory responses. Others have shown that prior thermal stress leads to inhibition of the inflammatory response, and this inhibition was associated with increased levels of Hsp70 induction and decreased nuclear NF-kB translocation [51, 52] . It has been speculated that Hsp70 could interact with NF-kB's inhibitor protein, IkB, and pre vent IkB phosphorylation and NF-kB dissociation [46] . A few studies have shown that Hsp70 binds to and inhibits NF-kB and/or its regulatory proteins [30, 53] , although how it does this may depend on the nature of the stimulus. In a model of TNF-α induced apoptosis, Hsp70 directly inhibited IKK activity, whereas in a model of stroke, Hsp70 appeared to associate with NF-kB and IkB, thus preventing IkB phosphorylation by IKK. The inhibition of NF-kB led to decreased transcription of several immune genes and neuroprotection.
Our labs showed that MMP-9, one of several genes regulated by NF-kB, was reduced in cultured Hsp70-overexpressing astrocytes exposed to ischemia-like insults. Consistent with the notion that Hsp70 may regulate inflammatory protein expression at the transcriptional level, MMP-9 mRNA was also lower in Hsp70-transfected cells. However, Hsp70 expressed in astrocytes seems to not only decrease expression of MMP-9 at both the transcriptional and translational level, it also decreased MMP-2 [54] . Interestingly, MMP-9 expression is regulated by NF-kB, whereas MMP-2 is not, suggesting that Hsp70 may interfere with transcriptional responses in systems other than NF-kB. In fact, studies in alveolar macrophages suggest that heat stress-induced Hsp70 can inhibit STAT1 [55] , and STAT1 has been linked to MMP-2 expression [56] . Hsp70 also appears to prevent MMP processing from its pro or inactive form to its cleaved or active form. Thus, it is clear that Hsps have a myriad of roles, some of which modulate immune responses, both adaptive and innate, toward both pro-and anti-inflammatory phenotypes.
Conclusion
In this paper, we have briefly focused on some of the current areas of research on anti-inflammatory role of Hsp70 in brain injury. The immune response pathways arising after acute neurological insults can exacerbate the pathogenic processes of brain, and suppressing inflammation can reduce cell death and improve recovery. Overexpression of Hsp70 in such circumstances appears to be largely antiinflammatory, where intracellular mechanisms of Hsp70 appear to inhibit innate immune responses. Several studies have demonstrated that overexpression of Hsp70 may have a neuroprotective role in several models of neurodegenerative diseases [16, 41, 57] . Its beneficial effects could be due both to its chaperone role and its ability to protect against various kinds of potentially toxic factors. However, extracellular properties of Hsps appear to act as ligands or co-factors for several pro-inflammatory pathways, both innate and adaptive. Intracellular Hsp70 induction may be a viable approach since there are now several Hsp70 inducing drugs that act by increasing expression at the transcriptional level, and suggests the translatability of such an approach.
